Thymidine kinase activities, virtually all soluble in rat lung, liver, and small intestine, descreased abruptly late in gestation or immediately after birth. An injection of thyroxine delayed the fetal but not the neonatal changes in liver activity. An injection of cortisol decreased hepatic and pulmonary thymidine kinase activities in both fetal and neonatal rats but had little effect on the intestinal enzyme. Premature extrauterinization led to an earlier occurrence of the quantitative changes in thymidine kinase activity usually seen at term. Birth-associated changes included a rapid transitory increase in the hepatic enzyme and the virtual loss of intestinal thymidine kinase activity.
Summary
Thymidine kinase activities, virtually all soluble in rat lung, liver, and small intestine, descreased abruptly late in gestation or immediately after birth. An injection of thyroxine delayed the fetal but not the neonatal changes in liver activity. An injection of cortisol decreased hepatic and pulmonary thymidine kinase activities in both fetal and neonatal rats but had little effect on the intestinal enzyme. Premature extrauterinization led to an earlier occurrence of the quantitative changes in thymidine kinase activity usually seen at term. Birth-associated changes included a rapid transitory increase in the hepatic enzyme and the virtual loss of intestinal thymidine kinase activity.
In human tissues, the soluble thymidine kinase in liver remained high between the 11th and 22nd wk of gestation whereas the particulate enzyme, the predominant form in adult liver, rose in the second half of gestation and reached adult levels a t birth. In human lung, the soluble enzyme started to decrease by the 16th gestational wk, whereas the particulate thymidiie kinase reached the higher adult levels late in gestation. Thymidine kinase in adult human tissues was predominantly particulate. rapidly in the adult but also have hematopoietic potential, e.g., spleen, thymus, and bone marrow (10, 33) . The implication of these observations prompted us to explore the developmental changes in the thymidine kinase activities in rat liver after the time when that organ has ceased to contribute significantly to hematopoiesis and to determine if the normal postnatal decreases in thymidine kinase are as abrupt in rat tissues that do not have hematopoietic potential (e.g., small intestine and lung). We also investigated the effects of the process of birth per se (normal or premature delivery) on the activities of this enzyme during the first postnatal day and compared the effects of a cortisol or thyroxine injection on the enzyme in liver, lung, and small intestine before and after birth. To test whether the developmental changes in the thymidine kinase activities in rat tissues provide a model for maturational events in this enzyme in human tissues. we also measured the thymidine kinase in livers and lungs of electively aborted fetuses and from autopsy (neonates) and surgical biopsy specimens of adult humans. The major portion of thymidine kinase in the rat was restricted to the soluble fraction of tissues (21, 33) . It has previously been shown that much of the enzyme in adult human tissues is associated with particles (especiafiy mitochondria) (21, 26, 36) and that the properties of the Speculation cytosolic and particulate form of the enzyme differ (23, 26, 32, 34 , The postnatal accumulation of soluble thymidine kinase in rat 36). We the changes in the of liver, lung, and small intestine may be associated new DNA the soluble and particle-bound thymidine kinase in human liver, synthesis preliminary to the emergence of ontogenica~~y intestine, and lung. Our results demonstrate that their developenzyme clusters a t discrete intervals after birth. The regulatory mental histories are quite role of thyroxine and cortisol on thymidine kinase in liver and lung may also be related to the effects of those hormones on other MATERIALS AND METHODS hepatic and pulmonary enzymes. The appearance of particulate thymidine kinase in human tissues relatively late in development Tissues from dead human fetuses (between the 10th and 22nd suggests that its physiological function differs from that of the wk of gestation) aborted by prostaglandin or h~sterotomy or. in soluble form. Its predominance in adult human liver, lung, and the two oldest fetuses, spontaneously, were obtained through the colon and its virtual absence from adult rat tissues indicate a courtesy of Dr. Shirley Driscoll, Boston Hospital for Women, phylogenic a s well as an ontogenic significance of this alternate Boston, MA. Enzyme activities in tissues of fetuses aborted by form of the enzyme.
hysterotomy or prostaglandin were not affected by the method of abortion (21) . Autopsy samples from infants 3 hr to 6 days old were received through the cooperation of Dr. W. Taeusch, Boston The role of the salvage pathway for DNA synthesis can be Hospital for Women. Human adult samples were portions of assessed by the potential for the phosphorylation of thymidine by resected tissues taken for diagnostic purposes during surgery and thymidine kinase (EC 2.7.1.75), the putative "limiting" enzyme in made available to us through the courtesy of Dr. M. A. Legg, the pathway. Previous studies (6, 13, 30) have reported that the Department of Pathology, New England Deaconess Hospital, activity of this enzyme in fetal and neoplastic rat tissues exceeds Boston, MA. Autopsy and surgical specimens were obtained 1/4 to those in most normal adult tissues and that a precipitous decrease 4 hr after resection or death. Adult (60 to 90 days) male rats were in hepatic thymidine kinase is observed shortly before birth (30) . albinos of the Kx (New England Deaconess Hospital breeding The late fetal drop in liver thymidine kinase could be enhanced colony) or CDF strains (Charles River breeding colony, Wilmingprematurely by injecting fetuses (16 to 20 days gestation) with ton, MA). Fetal rats were progeny of time-mated Kx or CDF cortisol (1 I); declines in lung thymidine kinase concentrations dams. Fetal ages of rats were estimated from the correlation after cortisol injection have also been reported (7) . Both the between body weight and age according to Knox and Rosenoer normal and the cortisol-induced decreases in enzyme activity were (25) . accompanied by reductions in the hematopoietic elements of fetal Thyroxine (3 pg per fetus) or cortisol (0.125 mg per fetus rat liver, suggesting that thymidine kinase in the fetal liver might hydrocortisone acetate; Merck, Sharp, and Dohme, Nutley, NJ) be associated with the hematopoietic rather than the parenchymal in 0.05 to 0.1 ml 0.9% NaCl solution was injected into rat fetuses cell population (30) . This hypothesis is supported by the relatively in one uterine horn of a laparotomized dam 18 hr before assay. high levels of the enzyme in tissues that not only proliferate Postnatal rats were injected IP with 20 pg thyroxine or 0.25 mg cortisol per 10 g body weight 18 hr before assay. Untreated littermates served as controls.
Tissue preparations, begun immediately after receipt of the human tissue or excision of rat organs, were identical for human and rat tissues. Small intestines of rats, washed with 0.9% NaCl solution before homogenization, were used in their entirety (fetal~); in rats between birth and 10 days, the upper halves of intestines were homogenized whereas only jejunum (5 to 7 cm below the ligament of Treitz) was used in older animals. Colon consisted of the 5 to 7 cm immediately below the caecum. Minced tissues, kept at O°C throughout, were disrupted in 9 volumes cold 0.15 M KCI in glass-Teflon homogenizers and centrifuged for 30 min at 100,000 x g to obtain soluble and particulate fractions.
The pellets were resuspended to the original volume in a final concentration of 0.5% Triton X-100 (16) (Sigma Biochemical Co., St. Louis, MO) in water and kept at 0°C for 30 min before assay. All enzyme activities were determined in freshly prepared samples because thymidine kinase was sometimes unstable in cytosol or particles when stored overnight at +4 or -20°C. The activity was no higher when assayed in the tissue homogenized in 0.15 M KCl, pH 7.4, containing either 1 to 5 mM ATP or 0.5 to 1.0 mM thymidine. To determine the subcellular distribution of thymidine kinase in neonatal and adult liver and spleen, portions of tissues were homogenized in 0.25 M sucrose and centrifuged as described in the legend to Table 1 . Nuclei and mitochondria from adult liver were separated by overlaying two volumes of 0.5 M sucrose with one volume of homogenate in 0.25 M sucrose during centrifi tion (17) ; this method did not separate these large subcell particles in adult spleen or neonatal liver. The distinction am fractions is operational and is based on determinations of activities of some marker enzymes in liver; glutamate dehydrogenase (EC 1.4.1.4), cytochrome c reductase (EC 1.6.99.2), and phosphoserine phosphatase (EC 3.1.3.3) were measured by established methods in the mitochondria1 (l4), microsomal (38) , and soluble fractions (24) . respectively. Routinely, thymidine kinase activities were measured in the cytosol and in the Triton-treated tot31 particle preparations.
Thymidine kinase assays were based on the procedure described by Machovich and Greengard (30) except that the final concentation of thymidine was 0.04 mM with a final specific activity of 5 pCi/pmole (['4C]2-thymidine; New England Nuclear Corp., Boston, MA). After incubating the reaction mixtures (in total volumes of 0.5 ml) for 20 min at 37OC, 50 pl were pipetted onto Whatman aminoethyl cellulose discs (DE81; Whatman Co., Clifton, NJ). Nonphosphorylated thymidine was eluted by stirring the discs in 500 to 1000 ml cold 1.0 mM ammonium formate for 15 min followed by successive 5-min washes of water and 95% ethanol. The discs were counted in 10.0 ml Aquasol (New England Nuclear Corp.) in a Packard Tri-Carb scintillation counter at 90% efficiency. Values for blanks, reaction mixtures without incubation or without ATP, were subtracted from the experimental samples. 
RESULTS
In adult rat liver, the total thymidine kinase actiyity is low, and its subcellular localization has been thought to be almost entirely cytosolic (21, 30) . Careful subcellular fractionation of hepatic thymidine kinase revealed that in the adult rat, approximately on half of the low total activity was in the cytosol when the tissue I : ; ~mogenized in 0.25 M sucrose or 0.15 M KC1 (Table I ), but nearly 50% was associated with the particles. However, liver from neonatal rats (as from fetal humans) contained virtually no particulate thymidine kinase. No enzyme activity was associated with microsomes. Other adult tissues (e.g., lung, thymus, kidney, and small intestine) had no appreciable activity in the particles. The low levels of adult soluble thymidine kinase have, in all tissues measured by us (19) , been in sharp contrast to the enzyme activities in the homologous fetal tissues. Phosphatases, associated with particles or membrane fractions released during homogenization, may in part account for the low thymidine kinase activities in particles of adult rat tissues. However, some preliminary observations by us (15) indicate that treatment of particles with Triton X-100 (see "Materials and Methods") prevents the hydrolysis of thymidine monophosphate. Inasmuch as virtually no phosphatase activities that hydrolyze thymidine monophosphate in the presence of high (5 mM) concentrations of ATP can be detected in the cytosol (l5), the low soluble thymidine kinase activities in adult tissues are unlikely to be artifacts of concurrent product hydrolyses.
The prenatal decreases in thymidine kinase activities in rat liver are well documented (30, 36) . They have been associated with the diminished number of erythropoietic cells (30) and the hormonal changes occurring in the late fetus (I 1). The rapid transient hepatic accumulation of thymidine kinase after birth (Fig. 1) has not been described in detail (although it is suggested in Ref. 30 , Fig. 3 ). Thymidine kinase activities in rat liver between I and 3 days postpartum were as high in the 19-day-old fetus; this could not be attributed to erythropoietic cells because the postnatal rat liver is no longer a blood-generating organ (I I). Additional peaks in hepatic thymidine kinase activity appeared to coincide with increased and novel DNA synthesis preceding the times of new enzyme formation in liver (e.g., in late suckling rats and weanlings).
In the small intestine (Fig. 2) , the major decrease in thymidine kinase activity occurred immediately postpartum (but not before ' Fresh rat tissues were homogenized in 9 volumes of 0.15 M KC1 and centrifuged for 30 min at 100,000 x g (columns I and 2). Tissue aliquots were also homogenized in 9 volumes~f 0.25 M sucrose and fractionated as described in Ref. 17 . Overlaying 0.5 M sucrose with the homogenates from adult spleen or 2-day-old liver did not result in a separation of layers; centrifugation at 280 x g gave no discrete pellet. The overlaying step was therefore omitted, and nuclei were separated by simple centrifugation at 300 x g from 0.25 M sucrose homogenates. The resulting pellet was washed once. Microscopically, essentially only nuclei could be identified (2-day-old liver).
birth), and renewed accumulation was delayed until the fourth postnatal wk. This late rise was not causally related to the dietary change at weaning because rats already supplement their milk diets with adult solid food during the third wk and 24-to 30-day old unweaned rats exhibited thymidine kinase activities at least as high as those of their weaned littermates (Fig. 2) . Activities in the colon were halved between the sixth postnatal day and adulthood, but the changes were gradual and not associated with any known physiological or maturational event. In the rat lung (Fig. 3) . the steepest decline in thymidine kinase activities had already passed at 2 days before birth. The constancy of the enzyme activity in lung around the time of birth (see also same changes as rats born at full term; if extrauterinization itself contributed to the changes, they would be displayed equally in rats delivered prematurely or at term. Table 2 shows that the process of birth itself, not the sequence of events immediately preceding it (e.g., hormonal modifications in the dam or fetus, loss of hematopoiesis in liver, etc.), led to the altered thymidine kinase activities. Although the absolute enzyme activities (nm/g tissue) in livers and lungs of prematurely delivered rats (20th to 2 1st days of gestation) were higher than those in animals killed at an older conceptual age (i.e., normal delivery at 22 days), the relative hepatic changes in the first 24 hr (e.g., 66 and 199% enzyme increases over the levels at birth in prematurely and normally born rats, respectively) were similar. Enzyme levels in lung were constant (and low) after premature or normal delivery. As expected, activities in the small intestine were equally high at the early and normal delivery times, and thymidine kinase levels dropped to similarly low values 24 hr later under both conditions of delivery. Thus, in all three tissues the time after the event of birth, not the conceptual age at birth, determined the enzyme levels.
Among the likely factors affecting thymidine kinase activities around the time of extrauterinization are changes in the levels of fetal hormones and the abrupt deprivation of the newborn of maternal hormones. We therefore began to test the responsiveness of thymidine kinase activities in liver, lung, and small intestine of fetal and postnatal rats to an injection of thyroxine or cortisol. An injection of 3 pg thyroxine even on the 20th day of gestation maintained the hepatic thymidine kinase activities at levels 50% higher than in the untreated fetal littermates (Table 3) . Thyroxine prevented the prenatal decline in pulmonary thymidine kinase only in the younger fetuses and had no significant effects on the intestinal enzyme. After birth, thyroxine was ineffective in all three tissues. Cortisol partially decreased hepatic thymidine kinase activities in fetuses or in pups younger than a wk but virtually erased it in older sucklings. Pulmonary thymidine kinase in fetal and young postnatal rats was nearly eliminated after an injection of cortisol; the intestinal enzyme was diminished only slightly by the cortisol treatment in neonatal rats (30 to 40% decreases), but the hormone was ineffective in altering thymidine kinase activities in small intestines of rats older than 11 days.
Some of the other intestinal enzymes that undergo substantial Fetuses of four time-mated CDF females were delivered by Caesarian section 10 to 24 hr before the expected normal parturition time. Some fetuses were kept on 0.9% NaCl solution-soaked gauze sheets in a 37°C incubator in which vessels of water were also contributing to the humidity for 4 hr. Some of these rats were then killed while the remainders of the litters were transferred for I 8 hr lo foster mothers on the second day of lactation. Pups from litters born naturally were removed 15 min after birth and either killed ( T = I5 min) or stored under the same conditions as the prematurely delivered ones. Tissues from littermates were pooled for assays.
Numbers in parentheses, number of specimens tested. impermanent neonatal declines [e.g., uridine kinase (EC 2.7.1.48) (18) and pyrroline-5-carboxylate reductase (EC 1.5.1.2) (20) ] are re-elicited during this quiescent period by an injection of cortisol or an 18-hr period of starvation (18, 20) . Neither treatment evoked changed thymidine kinase levels in liver or intestine of the same rats. None of the tissues from young control or hormone-treated rats had thymidine kinase activity associated with particles.
Curves of the postnatal development of thymidine kinase in rat spleen, thymus, kidney, and brain have been published (10, 11, 19, 30) . The high enzyme activity in the thymus did not coincide with the period of lowest adrenal-pituitary activity (28) . even though the involution of the thymus, after injections of cortisol in adults, was accompanied by decreased thymidine kinase activities (lo), the normal developmental resumption of adrenal function in young postnatal rats did not reduce the weight of the thymus or its thymidine kinase activity at the age of 10 to 12 days. The major relative loss in enzyme activity and weight occurred after the 14th day (19) .
In fetal human liver and lung (Table 4) , as in the rat tissues, soluble thymidine kinase activities were significantly higher than those in adults. In liver, the activities in the first and second trimesters were essentially constant, but a substantial decrease occurred some time between the 20th wk of gestation and the first postnatal day. (Although our samples of human liver reveal no changes in soluble thymidine kinase in the first neonatal wk, these observations are based on neonates who were obviously not developing normally; their causes of death included ornithine transcarbamylase deficiency associated with ammonia intoxication, adrenal insufficiency, and respiratory distress syndrome.) Particulate thymidine kinase was the predominant species in adult human liver (68% of total) and lung (59% of total activity) (8, 9, 21) . This form of thymidine kinase, virtually absent from fetal liver, equalled 20% (first trimester) and 40% (second trimester) of the total thymidine kinase activity in fetal human lung. Like liver and lung, fetal colon contained substantially higher concentrations of thymidine kinase than the adult colon (Table 4) ; as in the other human tissues, the particulate form of the enzyme was the predominant species in the adult (but not the fetal) colon. The few values we have accumulated for human small intestine contained no more soluble (but slightly higher particulate) thymidine kinase activities than the adult.
DISCUSSION
The proportionality between thymidine kinase concentrations and growth rate in normal development (I, 3,33-36 ), regenerating liver (22, 3 I), and rat tumors (6, 30, 33 ) is well documented. The present comparisons between thymidine kinase activities in fetal and adult liver, lung, small intestine, and colon of rat and man are in accordance with previous observations (33, 35, 36) . Fetal tissues (in man and rat) contained higher concentrations of soluble thymidine kinase than did the adult. The persistence and magnitude of the fetal thymidine kinase concentrations varied from one tissue to another and was independent of the ultimate mean adult concentration. For instance, rat liver and lung, both with low adult concentrations (~0 . 5 w / g ) , exhibited prenatal activities of over 40 mp/g, whereas in small intestine (with 1.6 mp/g adult jejunum) the highest concentration was only 10 mp/g. The present observations extend previous findings on the developmental formation of the enzyme in rat tissues (7, l l , 30) and generally agree with the recent observations of a neonatal increase Table 3 . Effects of thyroxine or cortisol on thymidine kinase in rat tissues1 of thymidine kinase in mouse cerebellum (3) . In liver, the normal decrease in enzyme activities before birth (30) (Fig. I) , was followed immediately by a significant rise in thymidine kinase activity which was not accompanied by an increase in the number or volume of hematopoietic cells (1 1). The high hepatic activities in the early postnatal period represent a considerable concentration of the enzyme in the cytosol because at that time the amount of cytoplasm per hepatocyte is still small (30% of that in the adult) (16) . The elevated neonatal hepatic thymidine kinase activity coincided with that of uridine kinase (18) and was independent of the conceptual age of the rat (Table 2) ; it occurred equally in prematurely and normally delivered fetuses. Hepatic thymidine kinase appeared to be regulated sequentially by thyroxine (which lost its capacity to delay the normal drop after birth) and cortisol which partially accelerated the normal decrease in fetal liver and arrested thymidine kinase activity almost completely after birth (Table 3 ; Ref. 11).
The developmental changes in thymidine kinase activities in rat intestine and lung resembled those of liver in general pattern but differed in several details, such as the precise timing of the maturational changes, their magnitude, and their regulation by thyroxine or cortisol. The high levels of the intestinal enzyme in the fetus became minimal relatively late in development (more than 4 hr after delivery) and independently of the conceptual age. Active intestinal thyrnidine kinase synthesis was not resumed until the fourth postnatal wk when activities became almost as high as in the late fetus in both weaned and unweaned rats. Thyroxine did not influence the accumulation or decrease of the enzyme in small intestine before or after birth, and cortisol was only a partial regulator for the intestinal enzyme. Although the normal maturational pattern of intestinal thymidine kinase resembled that of uridine kinase (l8), intestinal thymidine kinase did not accumulate in response to an injection of cortisol or starvation in neonates. Thymidine kinase in fetal lung decreased earlier than the enzyme in either liver or small intestine, and the postnatal increase (smaller than in liver) also preceded that of liver (cf: Figs. 1 and 3) . The decline in fetal pulmonary thymidine kinase was not slowed by thyroxine; cortisol almost eliminated both fetal and neonatal activities in rat lungs. In contrast to liver, where cortisol regulated the enzyme activity least effectively in the fetus, cortisol-control of the lung enzyme diminished with increasing age.
The event of birth seemed to trigger an immediate appearance of hepatic thymidine kinase (Fig. 1) . Fetuses killed immediately after delivery on the 21st day of gestation had significantly lower activities than did pups delivered at the same time but kept alive for less than 15 min. We have no explanation for this phenomenon, but it is well known that premature delivery can induce precocious rises in several gluconeogenic and amino acid metabolizing enzymes in man and rodents (4, 29, 37, 39) .
One of the contrasts between thymidine kinase in man and rat is in the subcellular distribution of the enzyme in the respective tissues. Multiple forms of thymidine kinase have been reported for rat tumors and regenerating livers (3 1) but not for normal rat tissues (12, 33, 36) ; in man, soluble and particulate forms with different chemical properties have been described for normal tissue also (22, 26, 27, 36 ).
The distribution of the two enzymic forms varies with age in human liver (8, 21) and lung (9) . Although soluble thymidine kinase in liver of fetuses between 10 and 22 wk underwent no quantitative developmental changes, the particulate form of the enzyme, almost undetectable in the first two trimesters, reached significant levels soon thereafter. The precipitous drop in soluble hepatic thymidine kinase after midgestation was not mirrored in the particulate form of the enzyme which continued to rise substantially so that in the adult liver, nearly 70% of the total activity was associated with particles. As in the rat lung, the decline in soluble thymidine kinase occurred earlier in human fetal lungs than in the liver; adult levels of the particulate enzyme were reached in lungs of second trimester fetuses. The morbidity of the neonates whose postmortem tissues we obtained makes uncertain even the results of the activities of enzymes not directly involved in the pathology of the infants. The neonatal tissues differed from those of the fetus in the longer time that elapsed between death and tissue preparation; they differed from those of the adult in being autopsy rather than fresh surgical material. The thymidine kinase activities in neonatal tissues are therefore not strictly comparable to those of fetuses or adults and should be viewed (skeptically) as minimal levels.
Since fetal and neonatal rat tissues were essentially devoid of particulate thyrnidine kinase, the effect of cortisol could only be determined for the cytosolic enzyme. Neonatal rat, in this case, fails to provide a model system for human enzyme development. It would have been of particular interest to assess the effects of cortisol on the developmental changes in particulate lung thymidine kinase in view of the clinical use of cortisol for the enhancement of surfactant synthesis in premature births (5) . In human colon, the soluble and particulate forms of thymidine kinase also had opposite developmental formations, with decreases in the soluble and increases in the particulate forms occurring concurrently. As in the rat (Fig. 2) , in man the ontogenic changes were less extreme in intestine than in liver or lung.
Recent observations by us (15) have indicated that particles of adult rat spleen and to a smaller extent, thymus (tissues with high soluble thymidine kinase activities), hydrolyze thymidine nucleotides specifically. Particles from other rat tissues did not catalyze this reaction but contained phosphatases that hydrolyzed dinitrophenylphosphate (14 mM). In human liver, particles did not hydrolyze thymidine monophosphate, but cytosol did slightly. The soluble thymidine kinase activities detected in human liver cvtosol may thereibre be only apparent activities. The subcellular translocalization of the enzyme activities metabolizing thymidine nucleotides (e.g., thymidine kinase and phosphatase) in human and rat tissues may account for the relatively high particulate kinase activities in adult human tissues when compared to those in the rat.
CONCLUSION
During ontogeny, soluble thymidine kinase in rat liver, lung, and small intestine exhibited high fetal activities in all three tissues. The time of the normal decline of thymidine kinase activities varied with the tissues as did the postnatal re-emergence which occurred at 1 to 2 days after birth in lung and liver and not until the fourth wk in small intestine. Although thymidine kinase activities in liver and lung (but not intestine) were reduced by cortisol, an injection of thyroxine into fetuses (but not into neonates) maintained only hepatic thymidine kinase activity at a level higher than that of untreated littermates. The developmental changes in thymidine kinase activities in liver (increase) and small intestine (decrease) immediately after birth were not dependent on the conceptual age but occurred as consequences of birth per se.
Thymidine kinase in normal adult human tissues appeared predominantly particle bound. Fetal human liver, lung, and colon were essentially devoid of the particulate enzyme which accumulated during or after the second trimester; the soluble enzyme of liver remained at a constant concentration between the 10th to the 22nd wk of gestation whereas that of lung began its decline toward adult levels after the 16th wk. As in the rat, soluble thymidine kinase in adult liver, lung, and intestine of man was significantly lower than in the fetal homologous tissues.
